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ABSTRACT

The pyrochemical multiplicity counter designed and
built at Los Alamos has been undergoing tests and evalua-
tion ai Lawrence Livermore National Laboralory (LLNL).
Measurements have been performed using a vasiety of plu-
tonium oxide and mctal matcrials. The pyrochemical mul-
tiplicity counter uscs the information containcd in the
highcr moments of the ncutron multiplicity distribution
1o deduce the three unknowns in the assay problem:
240py_cffective mass, (0.n) neutron raic, and sclf-multi-
plication. This is an improvement over conventional ncu-
ron coincidence counting., which must rely on some
cstimate of the (a.n) neutron rate or self-multiplication w
dcduce an assay result. Such convenuonal technigues are
gencrally unsatsfactory lor impure matcrials for which
these quantitics are unknown,

We present the assay results obtained with the pyro-
chemical multiplicity counter and discuss the procedures
necessury W produce good assay results. Using these pro-
redures, we have oblained assuy accuracics of 1%:- 2% for
oxide materials in 12 hour measurement times. We also
compare these resuls w those that would have been
obtamcd using convenuonal neutron assay echmgues and
tiscuss the correlations we have observed between assay
results and the ratio of towd neutron counts in the diffcremt
1ngs ol the pyrochemical counier,

*This work s supported by the US Department ol
ncigy Othee of Sefeguands und Security and the Office
ol Atms Contal and Nonprolidesation.

INTRODUCTION

The pyrochemical m.ultiplicity counter is a high-effi-
ciency, thermal neutron counter designed and built for in-
plant evaluation of the multiplicity assay technique.!-2
Together with its associated electronics and software, it
can mecasurc and analyze thermal neutron daw in a conve -
tional, two-parameter coincidence counting mode or it can
use the higher moments of the ncutron muluplicity distri-
bution in a threc-paruncter analysis.

In the conventional mode, the counter system uses
the neutron coincidence rate, the wtl neutron rate, and
sample plutoniumn isotopics 10 deduce an assay. The ratcs
are comecied for deadume end neutron background. Then, a
ratio of (a,n) ncutrons to spontancous fission neutrons is
computed from the sample isolopics or some other
knowledge of the sumple. Finally, an assay value is calcu-
latcd using Ensslin’s multiplication correction equations?
and calibration parameters based on measurements of pure
pletonium nxide standards.

In the multiplicity mode, the counter sysicin meas-
ures \he distribution of multiplicities in the coincidence
and accidenwl gates. These distribntions are corrected for
deadume using n method developed by Dytlewski.4 The
moments of the multiplicity distribution are then com-
puted using the equations of Cifarelli and Hage 3 Fuully,
these moments are correeied (or background, and an assay
vajue 1s computed usmg Bochnel's post model equa-
tons @ In tas morle, the rano of (@,n) neutrons W spon-
tncous hssion neuttons and the sample sell multiphea-
von wre calculated trom the measurement data isell.



Sumple wsotopics are only used W deduce the wal pluto-
num assay value from the measured 240pu-sffecuve
Mass,

Calibraton of the detector in the muluplicily mode
consists of measuring its efficiency for pure plutonium
oxide and mcasuring the coincidence gate fractions using
252¢f. Californium is used 0 measure the gate fractions
because in the pyrochemical counter the gaw fracuons are
only very wcak functions of neutron cnergy. However,
plutonium is used w determine the detector's efficiency
because efficiency vanes more strongly with encryy.
Another reason that plutonium is used 1s because the plu-
tonium will capture some of the fission neutrons and thus
change the “effecuve” efficiency of the counter. For the
pyrochemical muluplicity counter, which has been
designed 10 be insensitive (0 vanauons in neutron ener-
gics, the latter reason s the most imporant

The pyrochemical muluplicity counter underwent s
first wst and evaluauon at the Los Alamos Plutonium
Processing Facility in late 1991.7 Twenty plutonium-
beanng samples were measured. The muluplicity assays
of oxide and mewl materials were supenor w conventional
assays. The assays of five plutonium oxide samples agreed
with reference values w within 1% (one sigma) for 3000-5
mcasurement tmes. The assays of five plutonium metal
samples agreed with reterence values o within 5.1%:, but
these assays displayed a negatve bias, which correlated
with the sample self mulupheation. The assays of 10
molten salt extriktion tesidues agreed with retereme values
10 within 4.8% . These residues were not expecied W assay
as well usimg the mulupheity wechmgue because of the
high (a,n) neutron component of therr total enntted neu-
ton res, LOnger count tmes are necessary to mprove
the acnracy of meluphiciy results for such sunples.

In 1992 the pyrochemcal multupheny counter was
sent w LN tor Turther tests and evaluation. Here, we
report on the results of assay measurements made of 49
samples.

MEASUREMENTS

The samples measured consisted of hipgh and low
b up, mpare phidomum oxades and metals The metal
satnples had a vanety of geometnies We sepiegated the
menl vimples o two groups Metal Set b consisted ol
molten e extacnon metl product buttons, which were
broken mto preces before bemg placed m cans for meas
wement Metad Set 2 conssted of buttons and metal cast
s that were not noken

Each sample was measured twice for X s, Each
-5 assay consisied of 30 x 30-s measurement 1niervals,
and cach terval was subjected o a swhisucal wst w
reduce errors due w high-multiphicity cosmic ray cvents.
The average precision duc W counung staisucs for these
measurements was 0.5%-1%. In addiuon, the wul neu-
tron rate in each of the pyrachemical counter’s four nings
of *He whes was measured for 30 s.

Assay results were calculied for cach sample using
conventunnal, two-parameter analysis and the three-param:
cter multiplicity analysis. For the oxide matertals analyzed
using the 1wo-parameter ana'vsis, the rato of (a,n) neu-
trons 0 spontancous fission neutrons was computed from
the sample isotopics. For the mewl samples, this rano
was assumed to be zero, Calibration parumeters for the
two-parameter analyses were based on measurements of
purc, high bum-up plutonium oxide standards.

The assay results were then compared to reference
values, which were obuuned using calonmetry and
gamma-ray 1s0wpic measurements. These relerence values
are thought w0 he accurate w about 1%.

ASSAY RESULTS

Table | summanzes the assay results compared o ref
crence values fur the two parameter analysis and the three:
parameter muluphicity analysis. Figute T shows these
results as a tunction of the 290Pu-cfective mass of the
samples. The muluphicny assiays are supenor overall w
the conventional two parineler assays.

Liv the two-parameter assays, the effects of impuniuces
 the samples are readily apparent. On average, the assays
for the oxade samples are buased lagh due w unpuniies.
Imerestmgly, however, the assays of the metal samples
are baased low with the metals m Set 2 having a much
larger buas tham the metals m Set 1 The bias in the met
als s caused by talure of the oxude based calibranon 1o
accurately assay metals, Hothe meuls are broken nio
preces avan Set 1, however, the two pacuneter assay pro
vides beder results than tor the unbroken metal saimples.

In the multiphieity assays ol the oxide sianples, the
cllects of smpuntses are not appsient, woid the scatter m the
assay tesult s only shpghtly larger than the uncertanties
m the weterence vilues plus combing precision There as
stull o neganve bias i the resulis tor the metal samples
However, the by e the metal results iy smaller than ta
e two pacumcten assavs, and there s oo difference w the



TABLE 1. Companson of Two-Parameter, Convenuonal Coincidence Assays with
Three-Parameter, Multiplicity Assavs
(Asszy - Reference)Reference (50)
Average Results for Avenige Resulis lor
Number of Two-Parameter, Three-Parameter,
Sample Type Samples Convenuonal Assay lo Mulupliciny Assay 1o
Low Bumn-Up Mclal 10 -18.0 15.2 -9.7 5.4
High Bum-Up Metal 4 -30.9 1.6 -8.1 09
Meial Set 1 (Broken) 5 -33 1.3 -90 5.6
Metal Set 2 (Unbroken) 9 -2R8.7 9.1 94 42
All Mcw) Samples 14 217 14.1 -9 4.6
low Burn-Up Oxide 11 23.1 15.8 -1.2 2.5
High Bumn-Up Oxide Y 5.6 0.4 03 2.0
Ail Oxide Samples 45 10.0 12.2 -Q.1 2.
All Samples 59 23 18.5 -2.2 49
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tnas for the broken metal buttons compared w the metal
saniples that were not broken.

From Fig. 1 the negative bias in the results appears
to corrclate with sample mass. Figure 2 shows that, in
particular, tie assay bias is strongly corrclaled with the
“*measurcd” sell-muluplicauon yielded by the point model
cquations. This is consisicnt with the behavior we
observed in the carlicr muluphicity measuremerts made
with this counter.?

SELF-MULTIPLICATION
AND CORRECTION

DEPENDENT ERIAS

We hypothesized that the muluplication deperdent
bias we obscrved in our three-parameter assay results 1s a
conseqguence of aninadequacy of the poin, model w accu-
rately describe neutron muluplication in large mass, dense
samples. Specifically, the point model is hased on the
assumption that the probability of inducing fission for a
neutron starting at any point in a saraple ~2a be approxi-

matcd by a constant, global average probability. We
bclieve this assumpuon breaks down lor samples 1n which
source neutrons have a mean free path that 1s shore than
or on the order of the average chord length through the
sampic.

To test this hypothesis, we modeled metal and oxide
cylinders in the pyrochemical muluphcity counter using
the Moniz Carlo code, MUNP* We performed calcula-
vons for a grid (Fig. 3) of points in cach cylinder and
obtained the calculaied leakage muluplicauon, which
results from staring spontancous {ission ncutrons al cach
point on the grid. We then fit smooth curves 1 these
multiphcauon valucs to obtain & muluplicauon “surface”™
as shown in Fig. 4. Finally, we integrated the pownt-
model cquaucns over the surface 10 oblain the towul
moments for the cyiinders and used these wwl moments
0 predict an assay result. We faund tha for metal cyhin-
ders, the multiplication predicted by iins procedure 18
higher than the truc average leakage muluplication, and
the ussay resuli is biased low as a result. As the average

y = 1.026 - 0.18123x + 0.14200x° R2 = 0.823
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ton ohGrned by intepranng the surlace s almostdentical
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ot model cquanons yield an accutite ansay
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It showa e fap We apphed this comrection o the

point model assays. The corrected assay results are givea
i Table 1 and shown m Fig. 3. Now | the average buas i
the assay resuls 18 zero, and the resuls lor mewls are
only shighdy poorer than for oxide samples

RING RATIOS

To achieve high efficiency and neutron encrgy insen-
siivity, the pyrochemical muluplicity counter has four
rings of 3He wbes. The puise stream from each nng is
brought out of the counter separately so that the neutron
rates 1in cach ring may be counted. The nancrmost ning,
Ring 1, is the most scnsitive W low energy neutrons. The
oulermost ning, Ring 4, 15 the most sensitive w hgher
encrgy neutrons. We have concluded from calculations and
cexpericnee with this courer that the rauo of the wal neu
ron rates in these two rings 18 a sensiive indwcator of
vanations in the mean encrgy of the neutrons emutted by a
sumplc.° Thus, this rato can be an indicawr of sample- o
sample diflcrences.

Figure 6 shows the muluphcation-corrected, three-
parameler assay resulls verses the rauo of the meas:red
total ncutron rates in these two nings. There is a grouping
ol the metal samples refative Lo the oxide sampies with
only a very slight overlap between the groups. This sug
gests that, on average, & metal sample can be distin
guished from an oxude sample by ats nng rato. For these
samples, only two have ning rauns that are close enough
i value o make sample type classification on the basis
ol ths rauo gquestuonable,

There s also some vorrelation between the assay
results and the ning ratios of the metal sampics and the
oxude samples are conswdered separately. However, the
behavior of this contelation s not what one would predict
on the basis ol energy constderations aione For cach of
these sample types, as the ring rato icrcases the assay
tesult decreases relanve woaelerence values. From our cal
culanons, o thas ratio nereases, the averape energy of the
cmawed nenuons mast be decreasig The clicweny ol the
pyiochemical muluphoty connter mereases slowly as
neutton encipy decteases Thus, based on lus arguinent,
the assays should merease as o tuncton of ths nng rabo,
not decrease However, the deorease v the mean enerpy ol
the cmntted neottons caused by scattevmg, s a tun tion of
the density of the sample and the avevy: chond leagth
throuph 1t Neaton Gipture 1s alo o Inncnon of these
piameters For these plutomues och maenals, as the
averape chord lenpth and/on the densay mereases and neu
ton scattenmp incrcases, there e also more neatron cap
e by the plutomam The net elleor o o deviease the



TABLE II. Companson of Corrected. Three-Parameter, Multiplictiv Assays

(Assay - Reference)/Reference (%)
Average Results When Average Resulis When
Numbes of Muluplication Multiplicity and Ring
Sample Type Samples Corrected o Rato Carrected lo
Low Bum-Up Meial 10 -1.4 19 -0.3 2.2
High Burn-Up Mei1al 4 3.1 0.8 09 0.9
Melal Sct 1 (Broken) 5 0.1 1.0 13 0.9
Metal Set 2 (Unbroken) 9 0.2 13 -09 2
All Meial Samples 14 -0.1 2.7 0.0 2.0
Low Bum-Up Oxide 11 -1.6 1.9 -14 2.0
High Bum-Up Oxide K2 0.7 1.9 0.5 1.4
All Oxide Samples 45 0.1 2.1 0.0 1.8
All Samplc ; 59 0.0 2.2 0.0 1.8
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“cffecuive” efficiency of the pyrochemical counter becausc
of its relative insensitivily to changes in neutron encrgy.
The assays resulis, thus, tend (o desrease as the nng ratio
Increases as we sec in g, 6.

If the ring rauo correlations are used 1o do one final
correction W the assays, the unprovement is small, These
results are also given i Table 11,

CONCLUSIONS

For impure plutomum beanng oxide samples, the
pyrochemical multiplicity counter using three-paramcter
analysis provides assay results that are accurate and
umcly. Calibranon ol the dewector using thss wehnnque
docs nok requite representative standards, For dhe 43 o.ade
samples measured dunmg this evaluation, the pyrochenn
cal muluphety counter provided assays that were accunite
to 2.2% (one sigma) e 12 hour micasurement imes,

The assays of large mass samples requure multiphca
non dependent corrcction because of a hinutation of the
theory. This correction improves dramatically the assays
of Bairpe mass samples. Wab this correction the pyrochem

ical multiplicity counter assayed all 59 samples to a onc
sigma accuracy of 2.2% in 1/2 hour.

Finally, the addituon of ning ratio information w the
assay analysis improves the assays slightly and helps W
distinguish sample type. Of the 59 samples, 44 out of 45
oxide samples could be correctly identified as oxide by
thewr nng rato, and 13 out of 14 metal samples could be
correctly identified as mewal. With an additional ring ratio
conection, the counter assayed all samples W a onc sigma
accuriny of 1.8%,.
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